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DESCRIPTION

OF ORIGINAL SOLAR ARRAY MECHANISMS
The HST solar arrays consist of two identical wings. Each wing has two flexible solar cell blankets attached to a drum which rotates about a central spar tube or boom. The drum and spar tube are parts of the secondary deployment mechanism, which was designed to provide structural support of the solar arrays during launch and to deploy the blankets on orbit. For launch, the two blankets and an embossed cushion were rolled tightly about the drum and locked in position. The boom was secured to the forward shell and light shield of the HST by means of structural latches.
On orbit, the latches were released and the booms pivoted 90°by the primary deployment mechanism. The secondary deployment mechanisms then deployed the blankets from the drums via spreader bars attached to a pair of two-element storable tubular extendible member (BI-STEM) booms.
As the blankets were deployed, the cushion was taken up on a storage roller. The overall space telescope configuration is shown in figure 1, and the solar array deployment is illustrated in figure 2. Reference 3 gives a detailed description of the secondary deployment mechanism design and development.
Boom
Cassette Assembly
Upper The BI-STEM is made from thin strips of stainless steel formed into circular cross sections, which were flattened and stored on spools or cassettes within the mechanism. The elements were rolled from the spools through specially shaped guides and nested together with the open seams diametrically opposed, forming the tubular structure of the boom. Two booms were deployed in opposite directions from the actuator assembly as shown in figure 3. The secondary deployment mechanism assembly includes both inboard and outboard actuators, mounted on the main spar on either side of the drum. The actuator assemblies are connected via a torque tube, such that all four booms could be driven by a motor located in the outboard end of the spar. The actuator assembly includes limit switches on each boom that sensed a fully deployed or retracted condition; any switch was capable of cutting off the drive motor when the limit of travel was reached. Figure 4 shows the actuator mechanism.
The spreader bars were attached to rails mounted at the tips of the BI-STEM's through a system of steel tapes, rollers, tension springs, and linear potentiometers, which comprised the boom length compensation mechanism. This system, along with a pair of negator springs which drove the BI-STEM Storage Cassettes Figure 3 . Solar array boom actuator drive train. ONORBIT
DEPLOYMENT SEQUENCE ANOMALIES
The solar arrays were successfully deployed with the HST positioned above the orbiter cabin and held by the remote manipulator system. There were a few minor anomalies encountered during the deployment sequence, which resulted in delays to the nominal timeline. The removal of the HST from the orbiter cargo bay andits positioningin the appendage deploymentattitude using the remote manipulatorsystemwere completedwithout incident, but requiredapproximately30 min longer than expected. Completion of primary deployment system operations was also delayed by several minutesbecauseof an anomaly in the position switch adjustments.A contingency procedure had to be implemented to verify the final position of the solar array masts. The mechanisms had functioned correctly, but the telemetry was ambiguous. As a result of these delays, subsequent appendage deployment events had to be replanned in order to comply with the constraints on minimum time in sunlight, time remaining in sunlight, and windows of uninterrupted communication.
The secondary deployment mechanism (SDM) operation for the +V2 solar array was completed with no anomalies.
However 6 ) indicate that the inboard boom of the upper blanket on the -V2 array had a significant curvature, which resulted in a twist at the spreader bar of as much as 12°out of the plane of the blankets.
The possible relevance of this twisting to the vehicle disturbance phenomenon is discussed in a later section.
iii_,.... Figure 6 . HST shortly after release from shuttle orbiter.
MANIFESTATION
OF THE DISTURBANCE
The pointing control system was designed to hold an image stable at the HST focal plane to 0.007 arcsec (rms) for the duration of an observation, which varies from a few seconds to a few hours.
Consequently, careful attention was given to restricting the magnitude of internal disturbances and to carefully characterizing those disturbances that appeared to be most threatening to observations.
In the case of the solar arrays, a disturbance level was specified for steady-state operation that is consistent with the pointing requirements, and care was taken in designing HST and solar array maneuver profiles to minimize the excitation of the solar array modes. Hence, the phenomenon giving rise to the data in figures 7 and 8 was indeed a surprise. The two figures together show attitude excursions of the line of sight of the HST for the day and night portions of two noncontiguous orbits. The orientation of the solar arrays during these times was such that the plane of the arrays was in the V2 to V3 plane.
The attitude data were derived from the rate gyro signals onboard the HST. The gyro data, available every second, were integrated and resolved into the principal spacecraft coordinates. Angular motion about V2 and V3 define the line of sight of the telescope and angular motion about V 1 is roll about the line of sight. Figure 7 shows the attitude time history for the three axes for the daylight portion of an orbit beginning with the transition from Earth's shadow (eclipse) to orbital day. The effects of the disturbance associated with the transition are clearly evident with amplitudes in V2 and V3 of approximately 0.1 arcsec. Later data showed disturbance amplitudes about V3 of 0.2 arcsec. The transition event lasted 4 to 5 min. Following the night/day transition, there was a series of disturbances that persisted through most of the orbital day and that had amplitudes nearly as large as those at the terminator.
Then toward the end of the day, the disturbances waned and a quiet 
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period was seen for 8 to 10 min prior to entry into the Earth's shadow at 22.65 h. The transition to darkness gave rise to another large attitude disturbance which showed larger amplitudes than the night/day transition. Figure  8 shows the night portion of an earlier orbit. The first 14 min again showed a quiet period just prior to entry into darkness at 11.34 h. . ;.....;.....;.....;.....;.....;.....;.....;-.---; ... .. ;........ ,. . . ,..... ,..... ,..... ,..... ,..... ,..... ,..... , ,. . However, the time histories in figure 13 for the vehicle rates and the total system torque show that the control torquesalways oppose and lag behind the vehicle rates. Therefore, the control system could not have induced the disturbances. 6 However, since the controller had a minimum in its gain margin at about 0.1 Hz, 5 it appears that the control system in its nominal configuration was unable to adequately damp the vehicle disturbances.
20:"
By the systematic investigation and process of elimination described in this section, it was concluded that the solar arrays were the source of the vehicle rate disturbances. The evidence supporting this conclusion was strong:
(1) the fundamental bending modes of the arrays were pre dicted 7 to be near 0.1 Hz (fig. 14) ; (2) Since these coefficients are dependent upon contact pressure between the sleeves, estimated contact pressures were factored into the model. Figure  16 shows the estimated contact pressure between the sleeves as a function of circumferential position. The average pressure, 0.074 lb/in 2, was equated to a heat transfer coefficient of 2.5 Btu/h-ft2-°F. The specific coefficients were then varied in proportion to the pressure, with the linear equivalent radiation coupling as a lower bound. In thermal analyses of low-Earth-orbit spacecraft, the solar heat rates are often treated as step functions at the terminators. In actuality, the penumbra moderates the solar influence during the eclipse transitions.
TIME, s
With the previously described orbit parameters, the telescope encounters an approximate 17-s penumbra (8.5 s both entering and leaving the eclipse). For these analyses, the penumbra effect was incorporated into the model by linearly ramping the solar heating over the 8.5-s periods.
The 0°beta angle gave the shortest penumbra period and, consequently, produced the worst case in terms of how rapidly the gradient is established.
The resulting temperature profile from the analysis for the hottest and coolest areas of the boom cross section is shown in figure 17 . These areas corresponded to those directly facing the solar flux, and the portion of the inner sleeve exposed by the seam in the outer sleeve, respectively. The temperaturegradient, regardedhere as the difference in thesetemperatureextremes, is shown in figure 18 . The orbital position where the vehicle was just entering the Sun produced the largest gradient, near30°C, and a more detailed profile is shown in figure 19 . This detailed view shows that 
Mechanisms of the Solar Array Disturbances
In order to identify possible solar array mechanisms causing the telescope oscillations, the original array geometry was studied in detail. Several geometry characteristics are important to understhnding potential sources of vibration. As stated previously, the metal booms used to deploy and support the array blankets governed the thermally induced deflections. These booms have seams that were oriented toward the Sun for two arrays and away from the Sun for the other arrays. Therefore, the thermal gradients were greater for the arrays with boom seams oriented away from the Sun, and the arrays had unequal and likely out-of-phase deflections. Early in the investigation, it was thought that these unequal deflections could have caused the observed oscillations; however, continued study showed that this is unlikely.
Another geometry feature of importance is the offset between the booms and the base of each blanket, as shown in figure  2 . Due to this offset and the tension in the blankets, two arrays were pulled toward the Sun and the other arrays were pulled away from the Sun. It was thought that the thermal stresses induced during orbital transitions could have caused sudden crossover or "snap through" of the arrays and, thus, could have initiated the vehicle oscillations. However, previous analysislO 11 showed that a sudden "snap through" of the arrays could not have occurred, but that a smooth crossover or change of curvature was possible. The gradual nature of this crossover precluded the possibility of it causing the disturbances.
Two mechanisms that were considered most likely to cause the vehicle disturbances, especially the orbital day oscillations, were the solar array drums and spreader bars. The drums are located at the bases of the array blankets ( fig. 2) 6 ). It is possible that this twisting could have caused the spreader bar to experience stick/slip motion on the compensator rails ( fig. 5 ) and, thus, to initiate the disturbances, particularly during the orbital day. The deployment sequence anomalies described previously provided additional evidence that the -V2 array was the source of the orbital day disturbances.
In addition to investigating unusual mechanisms or off-nominal behavior as possible causes of the oscillations, it was also considered whether nominal buildup of thermal gradients during transitions could have initiated vibration. Early studies predicted a slow buildup of the thermal gradients, occurring over a period of 300 s, such that significant dynamic effects could not be observed.
However, the analysis described in the previous section ( fig. 19 ) showed that the primary portion of the buildup occurred in 50 to 60 s, quickly enough to excite the solar array bending modes. Further, a static analysis of nominal thermal gradients in the solar arrays showed that torques consistent with telemetry data could be induced on the vehicle by application of a 10-in tip deflection. Such a tip deflection could be caused by the thermal gradients that occurred across the array booms. Detailed dynamic analyses of the transition disturbances were also performed and results compared to telemetry data. Modeling of those events is described in the following section.
In summary of the mechanisms discussed in this section, consensus was developed among the investigators that the transitional disturbances most likely occurred due to nominal thermal gradients in the solar arrays, and that the orbital day disturbances probably occurred due to stick/slip behavior of the spreader bars or drums. Comparison of the orbital day telemetry data and results of solar array ground tests provided further evidence that both the spreader bars and the drums were possible sources of the orbital day oscillations. Drum or spreader bar stick/slip behavior during the orbital day is also thought to have had a residual effect on the night disturbances.
Analytical
Modeling of Transitional Disturbances
Although it was realized that analytical models could not prove or disprove the theories concerning the origin of the orbital day disturbances, it was also recognized that analysis could verify or disprove the theorized source of transitional disturbances. 
which allows calculation of the telescope cg response due to forces applied to the solar arrays. In this formulation, the system modal matrix is given by:
where ,xc,,
(8) and the modal matrix _sys comes from an eigenvalue solution of the free-free coupled equations of motion. Finally, the modified modal matrix _sa in equation (6) is given by:
where the matrix Rsa defines the rigid-body transformation from the solar array boundaries to the space telescope cg.
To simulate the dynamics of an eclipse/sunlight transition, a set of equivalent solar array tip forces 5 (corresponding to a nominal 28°C thermal gradient) was used in equation (3). As shown in figure 2 l, the gradient and the tip forces were assumed to build up over a 60-s period. It is noted that the assumed tip forces are quarter-sine functions.
Refined thermal analyses discussed in the previous section and onorbit data showed that the actual solar array temperature/time variations were close to the assumed functions. Using a 10-percent difference in the first natural frequencies for the +V2 and -V2 arrays, and the equivalent tip forces described in figure 21 , the rotational rates of the vehicle were calculated using Eqs. (10) and (11): 
where the mass and stiffness matrices are shown as described in reference 12, and (is the assumed damping coefficient.
The cg rotation rates .tc8 are shown in figure  22 for the V2 and V3 axes.
Response about the V1 axis was approximately two orders of magnitude smaller than about V2 or V3, and smaller than onorbit V1 disturbances, due to orientation of solar array tip forces along V1. In orbit, the forcing functions likely had significant inplane components not accounted for in the analysis. Vehicle rates computed as described in reference 5 showed some of the characteristics of the onorbit data, such as the 0.1-Hz frequency and the "beating" behavior, and the maximum amplitudes were of the right order of magnitude.
Analyses 
SOLUTIONS TO THE DISTURBANCE PROBLEM
Although the purpose of this paper is to describe the characteristics and the sources of the HST disturbances, a brief discussion of solutions to the problem is presented for completeness. With the determination that the pointing control system disturbances were caused by solar array dynamics, including normal boom vibration due to thermal gradients as well as possible stick/slip behavior of the drums and spreader bars, an extensive 2-year effort was undertaken to modify the controller to attenuate the disturbances to tolerable levels.
In addition, redesign of the solar arrays was initiated in an attempt to eliminate the source of disturbances.
Control System Modifications
The first approach considered was to redesign the controller through flight software modifications that could be uplinked to the HST onorbit. Chronological development of these control law changes is described in detail in reference 14. The design approach consisted of three phases:
(1) initially implement a compensator to attenuate the 0.1-Hz solar array out-of-plane bending disturbances, A second goal of the redesign process was to minimize static/dynamic friction effects in the solar array mechanisms, due to consensus of the investigators that orbital day disturbances were likely due to stick/slip behavior of the drums or spreader bars. This goal was accomplished in two steps. First, the boom actuator ( fig. 4) was modified by incorporating a drum brake into the system to prevent drum rotation after array deployment was complete. As discussed earlier in the paper, the drumswere originally designedto rotatein responseto thermalexpansionor contraction of the array blankets and thus maintain constantblanket tension( fig. 2) . Locking the drum with the new brake mechanism required a modification of the blanket tension assembly to provide this compensation. Figure  28 . Redesigned blanket tension assembly for solar arrays.
Comparison
of figures 5 and 28 shows that the original system of steel tapes and rollers has been eliminated, and the potential for stick/slip in the tension mechanism has been reduced. Figure  29 shows Redesign of the solar arrays was briefly described, and it was shown that the new arrays have considerably less potential for significant stick/slip behavior and large amplitude thermal bending that were the sources of the pointing control system disturbances. Flight data following the refurbishment mission showed that the new solar arrays performed well, and in combination with onboard control system attenuation minimized the disturbances.
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